a b s t r a c t N-methyl-D-aspartate receptors (NMDARs) are profound regulators of glutamate neurotransmission and behavior. To coordinate components of the limbic system, the dorsal and ventral striatum integrate cognitive and emotional information towards the execution of complex behaviors. Striatal outflow is conveyed by medium spiny neurons (MSNs), which can be dichotomized by expression of dopamine receptor subtype 1 (D1) or adenosine receptor subtype 2A (A2A). To examine how striatal NMDAR function modulates reward-related behaviors, we generated D1-and A2A-specific genetic deletions of the obligatory GluN1 subunit. Interestingly, we observed no differences in any GluN1
Introduction
Adaptations involved in the development of addiction-like behaviors share common mechanisms with learning and memory processes Joffe et al., 2014; Koob and Volkow, 2010; Lüscher and Malenka, 2011) . In particular, N-methyl-Daspartate receptors (NMDARs) have been extensively studied as mediators of drug experience-dependent memory formation (Brown et al., 2011; Kalivas and Alesdatter, 1993; Karler et al., 1989; Wolf and Khansa, 1991; Zweifel et al., 2008) . NMDARs are glutamate-gated, calcium-permeable channels that provide major regulation of synaptic plasticity throughout much of the central nervous system (Traynelis et al., 2010) , transforming transient patterns of neurotransmission into persistent changes in synaptic strength that underlie cognitive functions (Paoletti et al., 2013) . Because constitutive genetic deletion of GluN1 is lethal (Tsien et al., 1996) , probing NMDAR function in vivo necessitates cell type-and/ or region-specific approaches.
One key brain complex that subserves reward-related behaviors is the striatum, which is conceptualized as a gatekeeper of descending neurotransmission relating to motor control, reward, and reinforcement Joffe et al., 2014; Kreitzer and Malenka, 2008) . Throughout the dorsal and ventral striatum, GABAergic medium spiny neurons (MSNs) comprise 90e95% of neurons and provide the output from the structures. Striatal MSNs are often dichotomized into two groups by biochemistry, anatomy, and function (Lobo and Nestler, 2011) , commonly depicted by expression of dopamine receptor subtype 1 (D1) or adenosine receptor subtype 2A (A2A), which overlaps with dopamine receptor subtype 2 expressing (D2) MSNs. When selectively activated in vivo, D1 and A2A/D2 MSNs in the dorsal striatum and NAc have been shown to exert opposing or divergent effects on locomotor (Kravitz et al., 2010) , stress-induced (Francis et al., 2014) , and rewardrelated (Kravitz et al., 2012; Lobo et al., 2010) behaviors. For example, driving NAc D1 MSNs conferred a conditioned place preference (CPP) to a subthreshold cocaine regimen, whereas activation of NAc A2A/D2 MSNs blocked the preference induced by a rewarding dose.
Although much remains to be learned, NMDAR signaling in NAc D1 MSNs has been demonstrated to be necessary for the development of psychostimulant-conditioned behaviors (Beutler et al., 2011; Cahill et al., 2014; Heusner and Palmiter, 2005) . However, these experiments did not assess whether D1-NMDAR signaling underlies reinstatement, a model of relapse to drug seeking. Additionally, how A2A MSN NMDARs modulate psychostimulantconditioned behaviors has not been addressed. In fact, without limit to drug-related behaviors, the behavioral relevance of NMDAR signaling in A2A-expressing neurons remains unknown. Given that NMDAR signaling is important for experience-driven changes in D1 MSN function, a hypothesis is that A2A MSN NMDAR function regulates stress-related behaviors. Moreover, with recent efforts towards developing NMDAR antagonists and related pharmacotherapies as treatments for Major Depressive Disorder (Krystal et al., 2013; Maeng et al., 2008) , the literature requires a better understanding of how cell type-specific NMDAR function modulates despair-and anxiety-like behaviors.
The GluN1 subunit is essential to the formation of functioning NMDARs (Paoletti et al., 2013) , Although splicing variants are common, all GluN1 protein is produced from a single gene, Grin1. Therefore we ablated functional NMDARs in D1-and/or A2A-expressing neurons by generating mice homozygous for floxed Grin1 (Grin lox/lox ) that co-expressed Cre recombinase under control of the D1 and/or A2A promotors. MSN expression of D1 and A2A is by and large mutually exclusive (Gangarossa et al., 2013; Lu et al., 1998) . Although D1 is expressed in other components of the limbic system, like the prefrontal cortex and amygdala (Boyson et al., 1986; Zhou et al., 1990) , the neuronal expression of A2A is highly localized to the striatum (Fink et al., 1992; Schiffmann et al., 1991) , where co-expression with D1 or interneuron markers is minimal (Schiffmann and Vanderhaeghen, 1993) . Therefore, relative to the D1-specific deletion, the double knockout from D1-and A2A-expressing cell types induces similar impairments in NMDAR signaling across MSN types while exerting minimal additional extra-striatal off-target effects. After generating D1-, A2A-, and dual D1/A2A-GluN1 À/À mice, we used targeted whole-cell electrophysiology to validate cell type specificity in the NAc core. We then assessed reward-related associative learning through cocaine CPP. All genotypes acquired, expressed, and extinguished cocaine CPP, however cocaine-primed reinstatement was markedly absent in D1-GluN1 À/À mice. Dual D1-/A2A-GluN1 À/À mice displayed a partial rescue, suggesting that both D1 MSNs and extra-striatal D1-expressing neurons may be involved in cocaine-primed reinstatement. We then examined models of exploration, anxiety, and behavioral despair. D1-GluN1 À/À mice displayed aberrant exploratory locomotion in a novel environment, but the phenotype was absent in dual D1/A2A-GluN1 À/À mice. In contrast, A2A-GluN1
mice displayed an antidepressant-like phenotype that persisted in dual D1/A2A-GluN À/À mice. These data suggest that balanced NMDAR signaling across striatal MSNs underlies aspects of locomotion, but that A2A MSN NMDAR function regulates despair in a more complex manner.
Methods and materials

Mice
Bacterial artificial chromosome (BAC) adult (6e12 week) mice were used in all experiments and were housed together in groups of two to five per cage on a 12/12-hr light/dark cycle (lights on at 06:00), with food and water available ad libitum. Transgenic floxed GluN1 (Grin1 lox/lox ) mice possess loxP sites flanking the transmembrane domain and C-terminal region (Tsien et al., 1996) . To generate cell type-specific genetic deletions of GluN1, Grin1 lox/lox mice were crossed with bacterial artificial chromosome (BAC) transgenic mice expressing Cre recombinase under the regulation of the Drd1a (FK150, GENSAT; Gong et al., 2007) and/or Adora2a promoter (KG139, GENSAT). We elected to use A2A as a marker for "indirect pathway" MSNs because A2A is more selective than dopamine receptor D2, which is expressed by some striatal interneurons and as an autoreceptor on midbrain dopaminergic neurons. Mice used for electrophysiology also expressed tdTomato under the control of the Drd1a promoter (Gong et al., 2003; Shuen et al., 2008 
Electrophysiology
Parasagittal slices (250 mm) containing the NAc core were prepared from D1-tdTomato heterozygotic BAC transgenic mice and excitatory postsynaptic currents (EPSCs) were recorded as described (Grueter et al., 2013 (Grueter et al., , 2010 .
Cocaine place conditioning
The place conditioning procedure was conducted in activity chambers identical to those used for the open field. (ENV-510, Med Associates) Prior to the place conditioning pretest, mice were habituated to behavioral testing with a one-hour exposure to similar activity chambers. For place conditioning studies, a twochambered insert with contextually distinct metal floors (ENV-3013-2, Med Associates) was placed in the activity chambers. All place conditioning sessions were 20 min in duration, and the amount of time spent in each zone was recorded. Conditioning sessions were conducted twice daily, separated by 4 h, and treatment order was counterbalanced across groups. All mice received saline prior to confinement in one compartment (mesh grid floor) and cocaine (20 mg/kg) immediately prior to confinement in the other compartment (parallel bar floor). Following three days of conditioning, the place preference expression test was conducted. Mice then underwent extinction training, and subjects that had not expressed a place preference (<10%/120 s) were removed from the study. On extinction days 1 and 3, mice underwent active extinction (saline) conditioning sessions on both sides of the apparatus. On extinction days 2 and 4, standard post-test sessions occurred and time spent on the side previously conditioned with cocaine was recorded. Mice that did not adequately extinguish their place preference (>10%/120 s) on the second extinction test were removed prior to reinstatement. No difference in the proportion of mice removed from the study was observed across genotypes. To reinstate the place preference, mice received a priming dose of cocaine (10 mg/kg) immediately prior to the test session. Locomotor activity (distance traveled, stereotypic counts, vertical counts, and time at rest) was measured during all sessions.
Open field
Mice were placed in an open field activity chamber (ENV-520, Med Associates) equipped with infrared beams and detectors for one hour. Each chamber was housed within a sound attenuating cabinet (ENV-022MD, Med Associates). A software interface (Activity Monitor, Med Associates) monitored the two-dimensional horizontal position of the mouse as well as beam breaks of a bar raised 4 cm from the floor.
Elevated plus maze
The elevated plus maze (EPM) was based on the model described by Lister (Lister, 1987) . The EPM was comprised of two open and two closed arms (5 cm wide Â 30 cm long) that meet in the center to form a plus. The floors were opaque and the walls were made of tinted black acrylic plastic. The arms of the EPM were elevated 40 cm above a platform. Animals were placed on an open platform facing the center and remained in the maze for 5 min. Visual recordings of mouse movement were obtained with an overhead video camera. Mouse location and movement were assessed in real time with automated software (EthoVision XT, Noldus). Subsequent analyses determined the duration of time the center-point of each mouse was in the open arms, closed arms, or center.
Novelty-induced hypophagia
The novelty-induced hypophagia (NIH) assay was based on a previously published procedure (Louderback et al., 2013) . Briefly, mice were conditioned for 4 days to have 30-min access to a highly palatable food (Ensure, home-made vanilla shake flavor) in their home cages while group housed. On the testing day, each mouse was transferred to an individual open field activity chamber (~150 lux) and given access to Ensure for up to 30 min. The latency to drink and amount consumed were measured.
Tail suspension and forced swim tests
The tail suspension test (TST) and forced swim test (FST) were based on a previously published procedure (Lim et al., 2012) . For the TST each mouse was suspended 20 cm above a surface with tape placed 1e2 cm from the base of the tail. For the FST, mice were placed in 2-L beakers half-filled with room temperature water that was changed between sessions. All trials were videotaped and scored by one-of-two trained observers. The interrater correlation (Pearson Product-Moment Correlation Coefficient, r) was calculated to be 0.978 (TST) and 0.941 (FST) by linear regression. Approximately 75% of analyses were performed blinded to genotype. Mice were considered immobile when, for more than 0.5 s, they: (TST) exhibited no body movement and hung passively or (FST) engaged in minimal movements to stay afloat with no escape behavior. Total immobility was scored as the sum of all immobility over the 6 min trial. Latency was scored as the time of completion of the first uninterrupted 10-s bout of immobility.
Data analysis
Data are expressed as mean ± SEM (n ¼ number of animals for behavior and number of cells for electrophysiology), or as [minimum, lower quartile, median, upper quartile, maximum] for box and whiskers plots. One-or two-way ANOVA or two-tailed Student's t-test were used when indicated. Repeated measures or paired tests were performed when appropriate. The Mantel-Cox log-rank test was used to assess differences between cumulative distributions. All post-tests employed Bonferroni corrections for multiple comparisons and p < 0.05 was considered statistically significant.
Drugs
Cocaine HCl and picrotoxin were purchased from Sigma-Aldrich.
Results
Functional verification of GluN1 genetic deletions
To confirm selectivity of the genetic deletions, we measured excitatory postsynaptic currents (EPSCs) in targeted NAc core MSNs from control animals which expressed either Cre or Grin1 lox/lox , but not both and D1-GluN1 À/À and A2A-GluN1 À/À mice. MSNs were identified as either D1-expressing (þ) or D1-non-expressing (À) by presence or absence of td-Tomato fluorescence. In control MSNs held at À70 mV, the EPSC exhibits fast decay kinetics and is mediated by AMPARs (Fig. 1A: left) . When held at þ40 mV, the dual component EPSC is much slower and at 50 ms post EPSC onset, reflects current passing solely through NMDARs. In control slices, measurable NMDAR currents (>20% of peak) were obtained in all NAc core MSNs (D1(þ): n ¼ 23/23, D1(À): n ¼ 20/20). In contrast, in slices prepared from D1-GluN1 À/À mice, NMDAR currents were obtained from D1(À) MSNs (n ¼ 6/6) but not from D1(þ) MSNs (n ¼ 0/6, 1A: top right). In A2A-GluN1 À/À mice, the reverse was observed: NMDAR currents were not observed in D1(À) MSNs (n ¼ 0/11, 1A: bottom right), but remained intact in D1(þ) MSNs (n ¼ 5/5). Fisher's exact test revealed a significant deviation from observed outcome frequencies across groups (p < 0.001 Fig. 1B) . 
Cocaine place conditioning in GluN1 deletion models
To determine contribution of NMDAR signaling at D1-and A2A-cell types in the rewarding properties of cocaine, we performed cocaine place conditioning. To test that genetic deletion of NMDARs might enhance cocaine CPP, we performed a sub-threshold conditioning paradigm. Mice were exposed to a single pairing of 5 mg/kg cocaine, which did not induce a place preference in control mice (76 ± 72 s, n.s. data not shown). Neither D1-nor A2A-GluN1 À/À group expressed a place preference to that single pairing (D1: 29 ± 56 s, n.s., A2A: 3 ± 82 s, ns., data not shown), and no main effect of genotype was observed (F(2,23) ¼ 0.2747, n.s., data not shown). We then proceeded to assess CPP to a maximal conditioning regimen, 3 pairings of 20 mg/kg cocaine. During the conditioning sessions, locomotor activity was also recorded. Consistent with Beutler et al., D1-GluN1 À/À mice display diminished cocaineinduced hyperactivity (D1: 2837 ± 666 cm vs. control: 5170 ± 592 cm, p < 0.05, Fig. S1 ), however the phenotype was absent in D1/A2A-GluN1 À/À mice (5222 ± 704 cm, data not shown).
The controls and each group of GluN1 À/À mice exhibited robust place preferences on the expression test day (Fig. 2AeD) , and no difference across genotypes was observed (F(3,33) ¼ 0.9733, n.s., Fig. 2E ). Mice then underwent extinction training, and no differences were observed (F(3,26) ¼ 1.161, n.s., Fig. S2 ). Finally, to examine a facet of CPP related to relapse, mice were administered 10 mg/kg cocaine immediately prior to a place preference session. Control mice exhibited robust cocaine-primed reinstatement of CPP (432 ± 75 s, p < 0.001, Fig. 3A ). In contrast, D1-GluN1 À/À mice exhibited a pronounced lack of reinstatement (À5 ± 136 s, n.s, Fig. 3B ). Like the control controls, the A2A-GluN1 À/À reinstated the place preference (463 ± 54 s, p < 0.001, Fig. 3C ), and the D1/A2A-GluN1 À/À mice also displayed intact cocaine-induced reinstatement (274 ± 62 s, p < 0.01, Fig. 3D ), rescuing the phenotype displayed by the D1-GluN À/À animals. Although the D1/A2A-GluN À/À mice displayed cocaine-primed reinstatement, the magnitude of the preference was less relative to the control group so we performed a between-groups analysis (Fig. 3E) . A one-way ANOVA revealed a main effect of genotype on reinstatement (F(3,22) ¼ 10.17, p < 0.001). Subsequent Bonferonni post-tests against controls confirmed the significant impairment of reinstatement in D1-GluN1 À/À mice (t ¼ 4.550, p < 0.001) and also revealed a blunted phenotype in the D1/A2A-GluN1 À/À group (t ¼ 2.698, p < 0.05). This suggests that drug-primed reinstatement of cocaine CPP requires NMDARs in D1-expressing cells, and that balanced striatal signaling is, at most, influential over the behavior.
Open field test in GluN1 deletion models
To examine a range of locomotor-based behaviors, we assessed spontaneous activity in an open field chamber. When placed in a novel environment, mice display a burst of horizontal locomotor activity during the first 5e10 min that declines substantially over time (F(11,374 ) ¼ 34.06, p < 0.0001, Fig. 4A ). A two-way repeated measures ANOVA revealed a significant interaction between the locomotor time course and genotype (F(33,374) ¼ 6.818, p < 0.0001). Post-tests determined that D1-GluN1 À/À mice exhibited attenuated novelty-induced hyperlocomotion (0e5 min, 553 ± 95 cm vs. control: 1139 ± 140 cm). On the other hand, this behavior remained intact in A2A-GluN1 À/À mice. D1-GluN1
À/À mice also displayed atypical habituation to the novel environment, as evidenced by elevated locomotor activity towards the end of the hour session (50e55 min, 532 ± 55 cm vs. control: 238 ± 77 cm). Both of these phenotypes were rescued in the D1/A2A-GluN À/À mice, suggesting that imbalanced striatal signaling underlies the D1-GluN1 À/À locomotor phenotypes. When summated over the entire hour-long test, no differences in total locomotion were observed (F(3,34) ¼ 1.244, n.s., Fig. 4B ).
During the same open field session, vertical beam breaks were also measured, having been described previously in relation to exploratory behavior (Fonio et al., 2009 ). We found that vertical counts varied significantly by time (F(11,374) ¼ 2.455, p < 0.01), genotype (F(3,34) ¼ 6.681, p < 0.01), and an interaction (F(33,374) ¼ 5.657, p < 0.0001). Subsequent analyses revealed that D1-GluN1 À/À mice displayed increased vertical counts during the second half of the hour session (Fig. 4C) . The increase in vertical counts is also evident when summated across the entire session (D1: 1588 ± 698 vs control: 673 ± 143, p < 0.001, Fig. 4D ). Similar to the aberrations in horizontal locomotion, the vertical count phenotype was rescued by the D1/A2A-GluN1 À/À manipulation, without significant contribution of the A2A-specific knockout alone. Together these data suggest that D1-NMDAR function can modulate locomotor activity by disrupting the balance of signaling across MSN cell types.
We assessed the time spent in the center of the chamber during the open field test and found significant differences across genotypes (F(3,34) ¼ 4.050, p < 0.05, Fig. 5A ). Control and D1-GluN1 À/À mice both spent approximately 35% and 29% of the session in the center zone, respectively (control: 1260 ± 151 s, D1: 1034 ± 184 s). In contrast, A2A-GluN1 À/À mice displayed increased thigmotactic behavior and spent only 18% of the session in the center zone (643 ± 46 s, p < 0.05). Like the altered locomotor behaviors in the D1-GluN1 À/À mice, the center time phenotype of the A2A-GluN1 À/ À was absent in the D1/A2A-GluN1 À/À mice (37%, 1340 ± 149 s). Because decreases in center time often reflect increased anxiety, we hypothesized that A2A-GluN1 À/À mice display a high-anxiety-like phenotype and proceeded to assess anxiety-and depressive-like behaviors in more targeted assays.
Elevated plus maze and novelty-induced hypophagia in GluN1 deletion models
To examine anxiety-like behavior, we first utilized the elevated plus maze (EPM Fig. 5C ). As a complimentary assessment of anxiety-like behavior, we examined novelty-induced hypophagia (NIH). We employed a version of NIH in which nonfood restricted mice must approach a highly palatable drink in a novel environment, and the latency to consume the liquid is taken as a measure of anxiety-like behavior. A Mantel-Cox log-rank test determined that control and all GluN1 À/À mice exhibited similar latency distributions (c 2 ¼ 5.281, df ¼ 3, n.s., Fig. 5D ). Furthermore no difference in mean latency (control: 164 ± 22 s, D1: 136 ± 31 s, A2A: 120 ± 13 s, D1/A2A: 196 ± 29 s; F(3,43) ¼ 2.119, n.s.) or overall drink consumption was observed (F(3,43) ¼ 1.617, n.s., Fig. 5E ).
Neither specific assessment of anxiety-like behavior revealed any genotypic differences, therefore we conclude that the center time phenotype is not related to an anxiogenic state, and instead reflects aberrant locomotor behavior.
Tail suspension and forced swim tests in GluN1 deletion models
We performed the tail suspension and forced swim tests, models of behavioral despair. In each of these tests, mice attempt to deliver themselves from compromising, yet inescapable positions. The animals eventually assume an immobile posture, and the latency to hang/float is taken as a behavioral correlate of despair. No differences in immobility between controls and any GluN1 À/À mice were observed in the TST when measured in total (F(3,69) ¼ 2.129, n.s., Fig. 6A ). However a significant effect of genotype on the latency to immobility was observed (F(3,67) ¼ 5.415, p < 0.05, Fig. 6B ), and post-tests revealed an increased mean latency in the A2A-GluN1
mice (181 ± 20 s vs control: 100 ± 9 s, p < 0.01). Under conditions of duress in the FST (Solich et al., 2008) , significant genotypic differences in total immobility were observed (F(3,75) ¼ 5.722, p < 0.01, Fig. 6C ). Specifically, A2A-GluN1 À/À mice exhibited a decrease in total immobility (125 ± 10 s vs control: 183 ± 10 s, p < 0.001) consistent with an increased mean latency to float (214 ± 21 s vs control: 121 ± 12 s, p < 0.01, Fig. 6D ). In each of these tests and measures, D1-GluN1 À/À mice did not differ from controls (TST total: 161 ± 6 s, latency: 149 ± 21 s; FST total: 156 ± 14 s, latency: 170 ± 25 s). Interestingly, D1/A2A-GluN1 À/À mice behaved similarly to A2A-GluN1 À/À mice and different from controls on all measures. That is, restoring striatal NMDAR balance did not rescue the A2A-GluN1 À/À phenotype: D1/A2A-GluN1 À/À mice exhibited an increased latency to hang during the TST (165 ± 23 s), p < 0.05 and to float during the FST (218 ± 25 s, P < 0.01), as well as decreased total immobility during the FST (133 ± 13 s, p < 0.01).
Discussion
Striatal NMDAR signaling has been implicated in the pathophysiology of drug addiction and other psychiatric diseases with motivational or affective components (Beutler et al., 2011; Cahill et al., 2014; Lim et al., 2012; Pascoli et al., 2014; Schwartz et al., 2014) . In this report, we demonstrate separable roles for cell type-specific NMDAR function in the regulation of complex behaviors. These data support the hypothesis that balanced signaling across MSN subtypes regulates some locomotor-dependent behaviors, while providing further evidence that a more complex model is required to describe reward-related and depressive-like outcomes.
We observed no effect of any genotype on the acquisition of cocaine CPP. These findings may appear to disagree with published literature, where similar impairments of NMDAR function resulted in blunted psychostimulant CPP (Beutler et al., 2011; Heusner and Palmiter, 2005) , however specific methodological differences (i.e. background strain, apparatus, and drug) can readily explain minor discrepancies. To summarize, the published accounts and present data collectively demonstrate that a moderate dose of cocaine does not require D1-NMDAR function to generate reward learning. We did observe that D1-GluN1 À/À mice exhibited a stark impairment of drug-primed reinstatement of cocaine CPP. These data are in accordance with recent findings, where putative NMDARdependent modifications on NAc D1 MSNs were demonstrated to be essential for cue-induced reinstatement of cocaine seeking . Our data corroborate the mechanistic underpinnings of those findings and support the importance of D1 MSN NMDARs in drug-primed reinstatement. Moreover we observed that dual D1/A2A-GluN1 À/À mice retained cocaineprimed reinstatement, suggesting that balanced NMDAR signaling across striatal projection neurons may underlie this phenomenon. On the other hand, the dual knockout mice did exhibit blunted reinstatement relative to control mice, suggesting that NMDARs in extra-striatal D1-expressing neurons may contribute to drugprimed reinstatement. Consistently, Sanchez and Sorg (Sanchez et al., 2003) demonstrated that reinstatement of cocaine CPP was blocked by infusion of a D1 antagonist into the PFC. D1-expressing neurons in the orbitofrontal cortex (Capriles et al., 2003; Lasseter et al., 2013) and amygdala (Alleweireldt et al., 2006; Erb et al., 2001; Mashhoon et al., 2009 ) represent other intriguing candidate substrates.
To assess movement-based adaptive learning, we examined locomotor activity in a novel environment. D1-GluN1 À/À mice displayed a substantial attenuation of hyperactivity during the first five minutes, and did not habituate normally as evidenced by increased activity after 50 min. During the same task, D1-GluN1
mice displayed a robust increase in vertical counts, which have been described as a form of exploratory behavior (Fonio et al., 2009) . Neither of these locomotor phenotypes were present in D1/A2A-GluN1 À/À mice, supporting the conclusion that balanced MSN NMDAR signaling regulates exploration and habituation. We also observed that A2A-GluN1 À/À mice spent less time in the center of the arena than controls. Since thigmotactic behavior can be indicative of an anxiety-like phenotype, we followed up with more targeted assays. Contrary to our working hypothesis, A2A-GluN1
mice performed similarly to controls on both the EPM and NIH. These two independent assays suggest that genetic deletion of NMDARs does not generate an anxiety-like state, We conclude that A2A-GluN1 À/À mice display atypical patterns of horizontal locomotion (i.e. thigmotaxis) that are not related to anxiety. For example, certain drugs including MDMA, are known to induce perseverative thigmotaxis (Gold et al., 1988; Powell et al., 2004; Risbrough et al., 2006) without having any demonstrated inherent anxiogenic effects. We hypothesize that more rigorous assessments of movement patterns (for example, see Paulus and Geyer, 1991) would reveal subtle differences in unconditioned locomotion in A2A-GluN1 À/À mice.
Since depressive symptoms are often comorbid with drug abuse and addiction (Joffe et al., 2014; Volkow, 2010) , we assessed behavioral despair in two parallel assays, the TST and the FST. Due to previously observed genotype-sex interactions in these behaviors (Kokras and Dalla, 2014) we ran separate cohorts of male and female mice. We observed similar results in both sexes: A2A-GluN1 À/À mice displayed a prolonged latency to immobility in both assays and increased total immobility in the FST. These findings suggest that A2A-GluN1 À/À mice exhibit a despair-resistant or "resilient" phenotype. Ionotropic glutamate receptor signaling in the NAc has been heavily implicated in depressive-like behaviors (Bagot et al., 2015; Francis et al., 2014; Lim et al., 2012; Robison et al., 2014; Schwartz et al., 2014; Vialou et al., 2010) . Our data suggest that these characterized physiological processes may proceed largely through A2A MSNs, consistent with recent findings that the development of amotivation induced by chronic pain proceeds through NMDAR signaling on NAc A2A MSNs (Schwartz et al., 2014) . Together these data support the hypothesis that A2A MSN NMDARs signaling promotes depressive-like behavior. Conversely, the antidepressant efficacy of fluoxetine requires downregulation of the NMDAR signaling partner, CaMKII (Robison et al., 2005; Shonesy et al., 2014) . Whether changes to A2A MSN NMDAR signaling are required for the behavioral efficacy of SSRIs and other antidepressants remains untested and merits further study. Interestingly D1/A2A-GluN1 À/À mice also displayed the antidespair phenotype exhibited by A2A-GluN1 À/À mice. Unlike the locomotor-based assays, these results suggest that A2A MSNs contribute to despair-like behavior in a manner that cannot be distilled to balanced MSN NMDAR signaling. One intriguing possibility is that A2A MSNs, or their targets, project to a region outside of the canonical basal ganglia that modulates negative affective behaviors. If indeed striatal balance is required for the expression of some psychostimulant and novelty-related behaviors, it begs the question: why did A2A-GluN1 À/À mice not display unusual drug-related behaviors? We propose two, non-exclusive explanations. For one, from a practical perspective, we may have encountered ceiling effects in the selected classical conditioning paradigms. Operant behavioral paradigms would be expected to provide a greater signal window for detecting increases in drug reinforcement and susceptibility to relapse. Accordingly, following chemogenetic inhibition of NAc A2A MSNs, Bock et al. (2013) observed enhanced motivation to obtain cocaine as assessed by lever-pressing behavior. Alternatively, following a sub-threshold priming dose or stressor, A2A-GluN1 À/À mice might reinstate CPP under conditions where control mice would not. The second explanation is that, for drug-related behaviors, the striatal balancing act may not be bidirectional. That is, changes in the A2A pathway may have little effect on drug-conditioned behaviors due to absence of subsequent circuit-level changes. For one, NMDARs may not generate the most prominent form of synaptic plasticity on A2A MSNs. In the NAc core and dorsal striatum, endocannabinoid (eCB)-mediated plasticity has been documented on A2A MSNs, whereas it is absent on D1 MSNs (Grueter et al., 2010; Kreitzer and Malenka, 2007) . Cocaine-induced synaptic modifications may therefore proceed preferentially through NMDARs on D1 MSNs but through eCB signaling on A2A MSNs. Additionally, A2A MSNs may not play a major role in psychostimulant-related behaviors due to anatomy. A2A NAc MSNs send inhibitory projections primarily to the ventral pallidum (VP), but the VP also receives substantial innervation from D1 NAc MSNs (Kupchik et al., 2015) . These projections may lie such that following psychostimulant administration, D1 MSN activity dominates the circuit-level logic and precludes small changes in A2A MSN function from being observed at the behavioral level. An exciting hypothesis is that VP neurons receiving projections from both MSN classes are involved in stimulant/locomotor-based behaviors, while those innervated strictly by A2A MSNs are involved in affective behaviors. Future experiments will need to be directed towards the targets of these A2A MSNs to examine the mechanistic basis of responses to stressful and reward-related stimuli. A combination of biochemistry and slice and in vivo electrophysiology, would be ideal to uncover how NMDAR signaling in each MSN population guides behavioral outcomes at the circuit level. dx.doi.org/10.1016/j.neuropharm.2016.03.026.
